PsbZ (Ycf9) is a membrane protein of PSII complexes and is highly conserved from cyanobacteria to plants. We deleted the psbZ gene in the thermophilic cyanobacterium, Thermosynechococcus elongatus. The mutant cells showed photoautotrophic growth indistinguishable from that of the wild type under low and standard light conditions, while they showed even better growth than the wild type under high light. The mutant accumulated less carotenoids and more phycobiliproteins than the wild type under high light, suggestive of tolerance to photoinhibition. The mutant cells evolved oxygen at a rate comparable with the wild type, while the PSII complex isolated from the mutant retained much lower activity than the wild type. N-terminal sequencing revealed that Ycf12 and PsbK proteins were almost lost in the PSII complex. These results indicate that PsbZ is involved in functional integrity of the PSII complex by stabilizing PsbK and Ycf12. We suggest that Ycf12 is an unidentified membrane-spanning polypeptide that is placed near PsbZ and PsbK in the crystal structure of PSII.
Introduction
PSII is a unique supercomplex consisting of at least 20 protein subunits and approximately 70 cofactors that contribute to optimal charge separation, oxygen evolution and plastoquinone reduction. The PSII complex is highly conserved among all oxygenic photosynthetic organisms, including cyanobacteria, eukaryotic algae and land plants.
The PsbZ protein has been detected in the PSII core complexes of tobacco, a green alga Chlamydomonas reinhardtii (Swiatek et al. 2001 ) and cyanobacteria (Kashino et al. 2002) . The gene psbZ (ycf9, orf62), which encodes a hydrophobic subunit with two transmembrane helices, has been found in the genome of chloroplasts and cyanobacteria, except for a primitive cyanobacterium Gloeobacter violaceus PCC 7421. It consists of about 62 amino acids with a molecular mass of $6.5 kDa. The studies with tobacco and C. reinhardtii indicated that PsbZ was a connection between PSII and light-harvesting complex II (LHCII), affected the de-epoxidation of xanthophylls and helped mediate non-photochemical quenching when PSII was exposed to excess light (Swiatek et al. 2001) . Similar mutants were made in tobacco and they showed anomalies in the photosynthetic electron transfer, growth retardation under low light and resistance against high light-induced damage (Baena-Gonzalez et al. 2001) . A recent report of psbZ mutants in Synechocystis sp. PCC 6803 confirmed similar growth retardation under low light (Bishop et al. 2007 ). Nevertheless, most of the work on PsbZ has been done at the level of plants, cells and thylakoid membranes, but never at the level of isolated PSII, since the PSII supercomplex of mesophilic organisms is not so stable.
Thermophilic cyanobacteria have been introduced in the study of photosynthesis (Stewart and Bendall 1978 , Yamaoka et al. 1978 , Ford et al. 1987 . In particular, the biochemical and structural analyses of supramolecular protein complexes have been successful in the case of the PSI, PSII, cytochrome b 6 /f and Ndh complexes (Jordan et al. 2001 , Zouni et al. 2001 , Kurisu et al. 2003 , Zhang et al. 2005 . The three-dimensional structure of the PSII complex at relatively high resolution has been determined only for Thermosynechococcus elongatus and closely related T. vulcanus (Kamiya and Shen 2003 , Ferreira et al. 2004 , Loll et al. 2005 . However, resolution at 3.0-3.8 Å is not always sufficient for unambiguous identification of amino *Corresponding author: E-mail, miwai@rs.noda.tus.ac.jp; Fax, þ81-4-7123-9767. Plant Cell Physiol. 48(12): 1758 -1763 doi:10.1093/pcp/pcm148, available online at www.pcp.oxfordjournals.org ß The Author 2007. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and the Japanese Society of Plant Physiologists are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oxfordjournals.org acid side chain(s). Further, the PSII complex consists of a number of small membrane-spanning proteins, whose assignment has not yet been fully settled. Two transmembrane helices of PsbZ have been assigned at the periphery of PSII by Ferreira et al. (2004) and Loll et al. (2005) . There are two membrane-spanning proteins next to PsbZ near CP43: one is consistently PsbK as first suggested by Kamiya and Shen (2003) , but the other has not yet been assigned. Tentatively, this protein is labeled X1 (Loll et al. 2005) or PsbN (Ferreira et al. 2004) , which is no longer a PSII component (Kashino et al. 2002) .
In this report, we deleted the psbZ gene in T. elongatus to study the function of PsbZ. The results suggest that psbZ is dispensable for photoautotrophic growth under any light condition. However, its product may be necessary for binding of PsbK and Ycf12 to the PSII complex. It is also suggested that Ycf12 corresponds to the unidentified X1 near PsbZ and PsbK in the crystal structure of PSII of T. elongatus.
Results

Construction of psbZ-disruptant and photoautotrophic growth
Based on the genome sequence of T. elongatus BP-1 (Nakamura et al. 2002) , we replaced the whole psbZ gene with a chloramphenicol-resistant cassette (Fig. 1A) . Segregation of the psbZ deletion mutant (ÁpsbZ) was confirmed by PCR (Fig. 1B) . This indicates that psbZ is dispensable for the photoautotrophic growth of T. elongatus as in C. reinhardtii, tobacco and Synechocystis sp. PCC 6803 (Baena-Gonzalez et al. 2001 , Swiatek et al. 2001 , Bishop et al. 2007 .
Photoautotrophic growth of ÁpsbZ was indistinguishable from that of the wild type under low ($3 mE m -2 s ) light conditions ( Fig. 2A) . Pigmentation of the ÁpsbZ cells grown under the standard conditions was comparable with that of the wild type (Fig. 3) . On the other hand, under high light conditions (300 mE m -2 s -1 ), ÁpsbZ grew reproducibly faster than the wild type (Fig. 2B) . Note that the growth is shown on a log scale. Consistently, high light-induced accumulation of photoprotective carotenoids was less pronounced in ÁpsbZ. Accumulation of phycobiliproteins was repressed in the wild type, but was not much affected in ÁpsbZ under high light (Fig. 3 ). These facts suggest that ÁpsbZ is more tolerant to photoinhibition than the wild type. 
Oxygen evolution activity
The effects of psbZ disruption on the oxygen evolution activity of PSII were evaluated for cells and PSII preparations in the presence of 2,6-dichlorobenzoquinone (2,6-DCBQ) at 258C for comparison with other reports (Katoh and Ikeuchi 2001a) . For this purpose, we introduced a His tag into CP43 at the C-terminus for rapid isolation of the O 2 -evolving PSII complex according to Sugiura and Inoue (1999) . After complete segregation, we isolated His-tagged PSII complexes by Ni-affinity chromatography. The yield of PSII from the mutant was comparable with that from the reference strain, CP43-His. The PSII preparation from CP43-His evolved oxygen at a rate of 2,070-2,170 mmol oxygen (mg Chl) , n ¼ 4] under the optimal concentration of 1-2 mM 2,6-DCBQ. Similarly, we did not see any differences in the O 2 evolution activity of thylakoid membranes (data not shown). It is very probable that the O 2 -evolving PSII activity of ÁpsbZ is susceptible to either detergent solubilization or chromatographic isolation.
Polypeptide composition of PSII
The polypeptide composition of the PSII complexes of ÁpsbZ/CP43-His and CP43-His was examined by SDS-urea-PAGE. The PSII complexes from the ÁpsbZ/ CP43-His were mostly depleted of a band of 3.9 kDa (Fig. 4) , which has been identified as PsbK protein (Katoh and Ikeuchi 2001a) . Consistently, N-terminal sequencing of the low molecular mass bands confirmed the marked decrease of the PsbK signals in band #5 by approximately 1/10 compared with band #1 of CP43-His (Table 1) . Strangely, the PsbK signals were also detected in the upper band #7, but again the signal was much weaker (approximately 1/10) than that of the corresponding band #3 of the reference strain. This may suggest that a part of PsbK is covalently liked to an unknown subunit. There were no further apparent differences in staining pattern including the three extrinsic proteins between the reference and mutant strains. However, the amino acid signals of Ycf12 and PsbZ were clearly detected in bands #3 and #4 of CP43-His, respectively, whereas they were not detected at all in the corresponding bands #7 or #8 of ÁpsbZ/CP43-His. Ycf12 was recently detected in the PSII complex as a new component in T. elongatus (Kashino et al. 2007) . Our findings that PsbZ is essential for stable assembly of Ycf12 in the PSII complex strongly support the idea that Ycf12 is not a contaminant but the genuine PSII component. In agreement with this, a faint band probably of Ycf12 was detected between bands #3 and #4 of the crude PSII preparation but was absent in the purified preparation, which was used for crystallization (K. Takasaka and J. R. Shen personal communication). It is very likely that Ycf12 was lost from the PSII complex during the isolation process. It should also be noted that signals of PsbZ and Ycf12 as well as PsbM (Ikeuchi et al. 1989) were obtained only after the HCl treatment, indicative of N-terminal formylation.
Discussion
In this study, we demonstrated that the PsbZ protein is required for the integrity of O 2 -evolving activity and stable binding of the PsbK and Ycf12 proteins in the isolated PSII supercomplex, but is dispensable for photoautotrophic growth and O 2 -evolving activity of cells and thylakoids. Since PsbK has been shown to be necessary for optimal growth and O 2 evolution (Ikeuchi et al. 1991, Katoh and Ikeuchi 2001a), the decreased activity of the PSII complex isolated from ÁpsbZ may be accounted for by the absence of PsbK (and Ycf12). Ycf12 was recently detected in the O 2 -evolving PSII complex from T. elongatus (Kashino et al. 2007 ). Our findings strongly support that Ycf12 is the genuine PSII component, which can be placed in the PSII crystal model as mentioned below. Ycf12 is widely distributed from cyanobacteria and algae to land plants, except angiosperms. We have crystallized the O 2 -evolving PSII complexes of various psb mutants such as ÁpsbI and ÁpsbY (Kawakami et al. 2007a , Kawakami et al. 2007b ). We also tried to crystallize the O 2 -evolving PSII complex of ÁpsbZ. However, the crystal gave X-ray diffraction at a lower resolution and different unit cell dimension (K. Takasaka and J. R. Shen personal communication) probably because of imperfect depletion of PsbK polypeptide as revealed by the N-terminal sequencing.
It is important to note that the growth of ÁpsbZ was even better than that of the wild type under high light conditions, while it was almost comparable under low or standard light conditions. This is probably due to the tolerance of ÁpsbZ to photoinhibition judging from less accumulation of carotenoids and more phycocyanin than the wild type under high light. Similar high light tolerance was described in the tobacco psbZ mutant (Baena-Gonzalez et al. 2001) . It is suggested that PsbZ connects PSII with LHCII and is involved in the de-epoxidation of xanthophylls and non-photochemical quenching in tobacco and C. reinhardtii (Swiatek et al. 2001) . The lower capacity for light harvesting may be responsible for the high light tolerance. However, LHCII and the xanthophyll cycle are absent in the cyanobacteria. We may assume other possibilities for the high light tolerance of ÁpsbZ in T. elongatus. Sonoike et al. (2001) reported that slight inhibition of PSII by a low level of DCMU helped to avoid photoinhibition under high light. The absence of PsbZ may have affected the PSII activity of cells in the same way as DCMU. Alternatively, PsbZ may be involved in D1 turnover under high light, since it is located at the very peripheral part of the D1-CP43 side in the PSII dimer (Fig. 5) . In tobacco and Synechocystis, ÁpsbZ grew poorly under low light conditions (Baena-Gonzalez et al. 2001 , Bishop et al. 2007 ), whereas no defect was observed in ÁpsbZ of T. elongatus. More studies are needed for elucidation of the physiological role of PsbZ in the cyanobacterial PSII.
There are three unassigned transmembrane helices (labeled X1-X3) in the latest PSII crystal model (Loll et al. 2005) as shown in Fig. 5 . Notably, X1 is located close to PsbZ and PsbK. Our findings that Ycf12 and PsbK are missing in the PsbZ-depleted PSII complex strongly support the idea that X1 represents Ycf12. Namely, PsbZ may stabilize PsbK and Ycf12 by direct interaction between transmembrane helices. It would also be interesting to see whether disruption of psbK or ycf12 results in destabilization of the other subunits or not. We previously reported the psbK-disruptant in Synechocystis sp. PCC 6803 (Ikeuchi et al. 1991) and T. elongatus BP-1 (Katoh and Band numbers correspond to those in Fig. 4 . The structural model of the PSII monomer at 3.0 Å from T. elongatus adapted from PDB code 2AXT (Loll et al. 2005) . View from the cytoplasmic side. Transmembrane helices are represented as ribbons. The labeling of subunits is according to Loll et al. (2005) . For clarity, the three extrinsic proteins are omitted. The thick dotted line indicates the interface of the PSII dimer.
PsbZ in assembly of PSII Ikeuchi 2001a) . At that time, neither PsbZ nor Ycf12 was detected even in wild-type PSII due to sequencing limitation. Re-examination of those mutant PSII preparations with sensitive methods should be carried out. Interestingly, there are many directional stabilization modes between the membrane-spanning subunits. For example, PsbX is destabilized in ÁpsbH (Iwai et al. 2006) , while PsbH is still tightly associated with PSII in ÁpsbX (Katoh and Ikeuchi 2001b) . The absence of CP43 (ÁpsbC) resulted in a loss of PsbK (Ikeuchi et al. 1992) , while disruption of psbK did not affect CP43 (Ikeuchi et al. 1991) . The absence of CP47 (ÁpsbB) resulted in a loss of PsbH (Ikeuchi et al. 1992) , while disruption of psbH did not affect CP47 (Iwai et al. 2006) . These stabilizations are now reasonably explained by direct contact according to the crystal model; however, the directional stabilization cannot be predicted by the model but should be experimentally investigated by mutational analysis. Studies on subunit dependency of the stabilization between PsbZ, PsbK and Ycf12 would give us functional clues to, for example, the assembly process of the PSII complex.
The unassigned transmembrane helices in the model by Loll et al. (2005) have been assigned in the other two models. X3 is assigned as PsbH in T. vulcanus by Kamiya and Shen (2003) but is assigned as PsbX by Ferreira et al. (2004) . Our recent findings that PsbH stabilizes PsbX (Iwai et al. 2006 ) strongly support the latter assignment; X3 ¼ PsbX. X2 was not recognized in Ferreira's model. This may suggest that it was partially lost during preparation of the PSII crystal. The Loll model at 3.0 Å suggests that X2 appears to be bent twice at the Ca chain. These features of the transmembrane helix may fit with PsbY, which has two proline residues in appropriate positions. We made psbY-deleted mutants in T. elongatus and confirmed our prediction by crystallization of the PsbY-depleted O 2 -evolving PSII complex (Kawakami et al. 2007a ).
Materials and Methods
Strain and culturing conditions
The thermophilic cyanobacterium, T. elongatus strain BP-1 (Yamaoka et al. 1978) , was grown at 458C as described previously (Iwai et al. 2004 ). The psbZ deletion mutant (ÁpsbZ) and the CP43-His mutant (Sugiura and Inoue 1999) were maintained with 5 mg ml -1 chloramphenicol and 40 mg ml -1 kanamycin, respectively. The ÁpsbZ/CP43-His double mutant was maintained with 5 mg ml -1 chloramphenicol and 40 mg ml -1 kanamycin. They were propagated in the absence of antibiotics for analytical experiments.
Absorption spectra of cells were recorded by a spectrophotometer (model U-3010, Hitachi High-Technologies, Tokyo, Japan). Cell density was monitored as light scattering (OD 730 ) by a spectrophotometer (model U-1100, Hitachi High-Technologies).
Construction of the psbZ-disruptant
The DNA fragments upstream and downstream of tsr1967 (psbZ) were amplified by PCR with oligonucleotide primers 5 0 -GA ATTCATGGAGGTCAGTTATCC-3 0 and 5 0 -ATTAACCCAAA TCTTATCAGCGGC-3 0 ; and 5 0 -TTTGTGGTTTAGTCCCGC-3 0 and 5 0 -ATTCACCACTGTCAGCAC-3 0 , respectively. The 994 and 919 bp PCR products were cloned into pPCR-Script Amp SK (þ) (Stratagene, La Jolla, CA, USA), separately. Following DNA sequencing, the 1 kb EcoRI-HincII fragment of the upstream and a blunt end fragment of the 1.3 kb chloramphenicol-resistant cassette were ligated to the EcoRI-SmaI site PCR-cloned downstream of psbZ. The resulting plasmid DNA was introduced into T. elongatus cells as described previously (Iwai et al. 2004 ).
Isolation of PSII core complex
Thylakoid membranes were prepared by osmotic shock after lysozyme treatment of 4-to 5-day-old cells (Kamiya and Shen 2003) . The membranes were suspended in 40 mM MESNaOH (pH 6.5), 15 mM CaCl 2 , 15 mM MgCl 2 and 25% glycerol at a Chl concentration of 2-3 mg ml -1 and were solubilized with 1.0% n-dodecyl-b-D-maltoside (b-DM) for 30 min in the dark on ice. After centrifugation at 25,000 Â g for 10 min at 48C, the supernatant was loaded on an Ni-affinity column (HisTrap HP, GE Healthcare, UK) pre-equilibrated with 40 mM MES-NaOH (pH 6.5), 100 mM NaCl, 15 mM CaCl 2 , 15 mM MgCl 2 , 0.03% b-DM and 10% glycerol (Buffer A) at a flow rate of 1 ml min -1 . After washing with Buffer A supplemented with 30 mM imidazole, the PSII complexes were eluted with 300 mM imidazole at a flow rate of 0.5 ml min -1 and then precipitated by centrifugation as described in Iwai et al. (2006) . Pellets were resuspended in 40 mM MES-NaOH (pH 6.5), 10 mM NaCl, 10 mM CaCl 2 , 10 mM MgCl 2 and 25% glycerol at a Chl concentration of 2-3 mg ml -1 .
Assay of oxygen-evolving activity
The O 2 -evolving activity of intact cells (final concentration 10 mg Chl ml -1 ) and PSII complexes (final concentration 5 mg Chl ml -1 ) was measured as described previously (Iwai et al. 2006 ).
SDS-urea-PAGE
SDS gel electrophoresis was carried out with a 16%-22% (w/v) linear polyacrylamide gradient gel containing 7.5 M urea (Ikeuchi and Inoue 1988a) . The PSII complexes (3 mg of Chl) were loaded in each lane.
N-terminal sequence of polypeptides
The low molecular weight polypeptides on the gel were transferred onto a polyvinylidene difluoride membrane, stained with 0.1% Coomassie brilliant blue G-250 and destained with 40% methanol and 10% acetic acid. Each band on the membrane was cut out, and the N-terminal sequence of polypeptides was determined by the Edman degradation method with a Procise HT protein sequencing system (Applied Biosystems, Foster City, CA, USA). The deblocking reaction of the N-formyl group was carried out as described (Ikeuchi and Inoue 1988b) .
